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The series resistance of microcrystalline hydrogenated silicon thin-film pin-type solar cells is
investigated using illumination dependent current/voltage characteristics. We present a simple
analytical model describing the total series resistance of low-mobility pin-type solar cells. The model
thus provides insight into the influence of the material properties of the intrinsic layer on the series
resistance. Our model allows us to separate the voltage dependent internal resistance of the intrinsic
layer from the residual, external resistance. We verified our model over a wide range of parameters
relevant to thin-film silicon devices by comparison to numerical simulations. Finally, we demonstrate
that our model can consistently describe the series resistance of experimental a lc-Si:H pin-type solar
cell. Furthermore, the fitting of the model with experimental data yields the external series resistance
and information of the carrier mobilities and effective density of states in the bands of the intrinsic
layer in the device.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4798393]
I. INTRODUCTION
Series resistance in solar cells is unavoidable and often rel-
evant to the achieved efficiency.1–4 Moreover, advanced char-
acterization techniques like electroluminescence imaging,5–11
or lock-in thermography12,13 in solar cells are often affected by
the series resistance. In this work, we analyze the series resist-
ance in hydrogenated amorphous (a-Si:H) or hydrogenated
microcrystalline (lc-Si:H) silicon solar cells. The series resist-
ance of these devices is not only affected by the contacting
scheme. Also material properties of the silicon layers and the
pin-type device structure have a profound affect on the series
resistance.
The present paper uses the classical method of Wolf and
Rauschenbach14 to determine the series resistance (Rs) by
comparison of dark and illuminated current/voltage (JV) char-
acteristics. This method, usually denoted as Jsc=Voc-method,
is especially useful in situations where Rs is dependent on bias
voltage and/or illumination level.
To analyze the determined series resistance we developed
a simple analytical model. This model distinguishes between
internal and external series resistance. We define the internal
series resistance as the series resistance that originates within
the silicon layer stack and the external series resistance as the
series resistance arising form, the contacting scheme. Our ana-
lytical model describes the internal series resistance with only
a few material parameters and thus is useful in understanding
series resistance effects and can aid in determining material
properties of the intrinsic layer within a solar cell.
We compare our analytical model for the internal series
resistance to numerical simulations using the program
Advanced Semiconductor Analysis (ASA).15 Furthermore,
we experimentally determined the series resistance of
lc-Si:H thin-film solar cells as a function of voltage and tem-
perature. We demonstrate that our analytical model consis-
tently describes the observed series resistances.
In Sec. II, we introduce the principle of the series
Jsc=Voc-method for determining the series resistance. The an-
alytical model for the internal series resistance is introduced
in Sec. III. In Sec. IV, we compare the analytical model with
simulation results and experimentally determined series
resistances of a lc-Si:H solar cell.
II. THE Jsc=Voc METHOD FOR DETERMINATION
OF SERIES RESISTANCE
The analysis of the series resistance via the Jsc=Voc-method
relies on the superposition of the dark current density (Jd) and
the photocurrent (Jph) and their dependence on the voltage (V)
applied to the device such that the total current reads
J ¼ JdðV  JRsÞ  Jph; (1)
where the internal junction voltage (Vj) depends on the exter-
nal voltage (V) via
Vj ¼ V  JRs: (2)
Under open circuit conditions, we have J¼ 0 and, therefore,
Jph ¼ JdðVÞ ¼ JdðVocÞ: (3)
If (and only if) the photocurrent (Jph) is independent from V,
we can identify Jph with the short circuit current density
(Jsc).
Finally, the Jsc=Voc-method uses a series of Jsc=Voc pairs
under various illumination intensities (/) and compares each
pair with the JV-curve measured in the dark at equal current
densities,
JdðV  JdRsÞ ¼ Jscð/Þ ¼ JscðVocÞ: (4)
Because of the equality of current densities, the voltage argu-
ments on the left and on the right side in Eq. (4) must be equal
such thata)E-mail: t.c.m.mueller@fz-juelich.de.
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V  JdRs ¼ Voc: (5)
Finally, resolving Eq. (5) for Rs yields
Rs ¼ ðV  VocÞ=Jd: (6)
The Fig. 1 illustrates, how we use Eq. (6) to determine Rs at
a given dark current (Jd).
In the following, we use Eq. (6) as a definition of the series
resistance (Rs) resulting from the Jsc=Voc-method regardless
whether or not the actual device follows the superposition prin-
ciple. The physical interpretation of experimentally obtained Rs
values might therefore cover much more than a simple Ohmic
resistance.14 For a pin device, we differentiate between an inter-
nal, voltage dependent resistance of the junction (RisðVÞ), and
an external, constant series resistance (Res). This yields
RsðVÞ ¼ Res þ RisðVÞ: (7)
III. ANALYTICAL APPROXIMATION FOR THE i-LAYER
RESISTANCE
For the calculation of the internal series resistance (Ris)
of a pin-device, we assume flat quasi-Fermi level splitting
over the depth of the intrinsic layer (w), which is equal to the
junction voltage (V) at the contacts. The Fig. 2 illustrates
qV ¼ Efn  Efp for the quasi Fermi-levels (Efn, Efp) of the
conduction and valence band, respectively, where q is the el-
ementary charge. To describe the electric field (F0) in the
center region of the intrinsic layer, we use a built-in voltage
(Vbi) caused by the doped layers. A scaling factor c takes the
band bending at the p-i and i-n interfaces into account.
Furthermore, we assume a homogeneous electric field (F0)
in the center region of the intrinsic layer,
F0 ¼ cVbi  V
w
: (8)
Using device simulations, we find this scaling factor (c) in
pin-type thin-film silicon solar cells typically in the range
0:25  c  0:45.
The conductivity of the valence and conduction band is
rh ¼ qplh and re ¼ qnle, respectively, where lh and le are
the band mobilities for holes and electrons. The charge carrier
concentrations for holes and electrons are given by p and n.
In the dark, most recombination takes place, where the
charge carrier concentrations are approximately the same,
i.e., n  p. This is placed in the middle of the intrinsic layer
at z¼ 0.15 We simplify this recombination profile by assum-
ing all recombination takes place exactly in the middle (see
Fig. 2). Thus, the internal series resistance,
Ris ¼ Re þ Rh; (9)
can be written as the sum of two terms taking into account
the transport of electrons in the half of the device closer to
the electron contact (Re) and holes in the half closer to the
hole contact (Rh). The contributions for electrons and holes
follow from integrating over the inverse conductivity as
Re ¼
ðw=2
0
1
qlenðzÞ
dz (10a)
for electrons and
Rh ¼
ð0
w=2
1
qlhpðzÞ
dz (10b)
for holes.
Therefore, the charge carrier concentrations read
n ¼ NðTÞ exp Efn  Ec
kT
 
(11a)
and
p ¼ NðTÞ exp Ev  Efp
kT
 
; (11b)
FIG. 1. Determination of series resistance (Rs) from the difference (DV) of
the voltage in the dark (Vd) and the voltage (Voc) under different illumina-
tion intensities at a given current density J ¼ Jsc corresponding to Voc. A
dark J/V characteristic (black solid line) and pairs of Jsc and Voc (red open
circles) are shown.
FIG. 2. Schematic band-diagram of a lc-Si:H pin-type solar cell with an
intrinsic absorber layer of thickness w under illumination. The energy posi-
tions of the conduction band, valence band, and the electron/hole quasi
Fermi-levels are denoted as Ec, Ev, Efn, and Efp, respectively.
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where the temperature dependence of the effective density of
states given by NðTÞ ¼ NT0ðT=T0Þ3=2 is related to a corre-
sponding reference temperature (T0).
16 We assume the effec-
tive densities of states at conduction and valence band edge
to be the same, i.e., Nc;T0 ¼ Nv;T0 ¼ NT0 .
The intrinsic charge carrier concentration (n0) in the
middle of the i-layer can be derived by symmetrizing the
electron and hole concentration from Eq. (11) with n20 ¼ np.
This leads together with
nðzÞ ¼ n0 exp qF0
kT
z
 
(12a)
and
pðzÞ ¼ n0 exp  qF0
kT
z
 
; (12b)
and Ec  Ev ¼ El for the mobility gap between conduction
(Ec) and valence band edge (Ev) to
n0ðTÞ ¼ NT0
T
T0
 3=2
exp
qV  El
2kT
 
: (13)
Substituting Eqs. (8), (12), and (13) in Eq. (10) yields
ReðV; TÞ ¼ 1le
1
qNT0
T
T0
 3=2
exp
El  qV
2kT
 
 kT w
c qðV  VbiÞ
 exp c qðV  VbiÞ
kT w
z
 w=2
0
(14a)
and analog
RhðV; TÞ ¼ 1lh
1
qNT0
T
T0
 3=2
exp
El  qV
2kT
 
  kT w
c qðV  VbiÞ
 
 exp  c qðV  VbiÞ
kT w
z
 0
w=2
: (14b)
Combining the Eqs. (14a) and (14b) with Eqs. (7) and (9)
leads to
RsðV; TÞ ¼ Res þ
1
qNT0
T0
T
 3=2
exp
El  qV
2kT
 
 1
lh
þ 1
le
 
kT w
c qðV  VbiÞ
 exp c qðV  VbiÞ
2kT
 
 1
 
: (15)
Note that qNT0le and qNT0lh are the minimum metallic con-
ductivities of the conduction and valence band, respectively.17
Thus the term qNT0 ð1=lh þ 1=leÞ1 in this Eq. (15) consti-
tutes the parallel minimum metallic conductivity of the
conduction and valence band. The mobilities in Eq. (15)
are band mobilities (i.e., unaffected by trapping processes)
and not drift mobilities as, e.g., determined from time-of-flight
measurements.18–24
We simplify Eq. (15) for V < Vbi and obtain
RsðV; TÞ ¼ Res þ w qis;0ðTÞ exp 
qV
2kT
 
; (16)
where qis;0ðTÞ is determined by the material properties of the
intrinsic layer and the built in potential in the device. The ex-
ponential term in Eq. (16) dominates the voltage dependency
of the internal series resistance and arises from the voltage de-
pendency of the charge carrier concentrations in the device.
It is also important to note that in the present derivation,
we assume that the quasi-Fermi levels are constant through the
device, i.e.,rEfn ¼ 0. Although this assumption is usually rea-
sonable, it actually neglects the effects of Ris, which results in a
gradient in quasi-Fermi levels J ¼ qnlerEfn. Consequently, it
is important to analyze the influence of the simplifications by
comparison between our simple model and numerical device
simulations, as will be presented in the following.
IV. RESULTS
A. Simulation
To test the accuracy of Eq. (15), we perform one-
dimensional simulations using the numerical device simulator
ASA.25–28 The optical modeling uses the multi rough-
interface model, which is part of ASA.29,30 The parameters,
which are used here, are based on15 for lc-Si:H, and22,31,32 for
a-Si:H. The parameters are shown in Table I for the intrinsic
layers of a lc-Si:H and a-Si:H pin-type solar cell, where er is
the dielectric constant, Ev;c 0 the characteristic energy, and
Nv;c 0 the effective density of states of the valence and conduc-
tion band tail, respectively. The correlation energy of the dan-
gling bonds is given by U, and the total dangling bond
concentration by Ndb. The re;h are the capture cross-sections
for electrons and holes each.
The series resistance is finally calculated from the simu-
lated JV characteristics using Eq. (6) in the same way as for
experimental data in Subsection IVB.
In a first step, we model the influence of the built-in
voltage (Vbi) on the numerical value of Rs. The Fig. 3 com-
pares these results for a lc-Si:H pin-type solar cell. The Vbi
in the numerical simulations is tuned by the choice of the
activation energies (Eap;Ean) of the p- and n-doped layer,
respectively. The built-in voltage is calculated from
Vbi ¼ vp  vn þ Elp  Eap  Ean; (17)
where for lc-Si:H vp  vn ¼ 0:15 eV is the difference
between the electron affinities of the p- and n-doped layer,
respectively.15 The used activation energies for each of the
four simulated built-in potentials in Fig. 3 are (Eap ¼ 0:10;
0:15; 0:20; 0:25 eV, and Ean ¼ 0:25; 0:30; 0:35; 0:40 eV)
for the p- and n-doped layer, respectively.
The Fig. 3 shows for lc-Si:H pin-type solar cells that the
built-in voltage in a range 0:75V  Vbi  1:05V has only a
small influence on the simulated series resistance as well as on
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the analytical approach given by Eq. (15). This analytical expres-
sion Eq. (15) slightly overestimates the influence of Vbi, but
the influence of the relatively large variation of Vbi is still small.
In the following, we use VbiðEap ¼ 0:15 eV;Ean ¼ 0:30 eVÞ
¼ 0:95V and c ¼ 0:30 for lc-Si:H, and VbiðEap ¼ 0:45 eV;
Ean ¼ 0:25 eVÞ ¼ 1:15V and c ¼ 0:25 for a-Si:H.
In a next step, we vary the parameters El;R
e
s ;NT0 , as
well as le and lh (fixed ratio le ¼ 3 lh) and compare the
ASA simulations with Eq. (15). The results are shown in
Fig. 4 for a lc-Si:H pin-solar cell and in Fig. 5 for an a-Si:H
device. For the variation of a single parameter, we use a ref-
erence set of parameters shown in Table I as a starting point.
Only one parameter is changed and the effect on Rs is shown
in its corresponding subfigure. It can be seen that Eq. (15)
fits very well to the numerical simulations over broad spectra
TABLE I. Parameters of intrinsic layer for numerical simulations at a tem-
perature T0 ¼ 300K of lc-Si:H,15 and a-Si:H22,31,32 pin-type solar cells.
lc-Si:H a-Si:H Unit
Structure
d 1150 330 nm
Transport, doping, and delocalized states
El 1.18 1.75 eV
er 11.9 11.9 —
X 4.05 4.00 eV
Nv 2 1019 2 1020 cm3
Nc 2 1019 2 1020 cm3
le 37 10 cm
2 V1 s1
lh 12 4 cm
2 V1 s1
Valence-band tails
Ev0 31 43 meV
Nv0=Nv 30 15 eV
1
r0h 3:0 1016 0:7 1016 cm2
rþe 30 1016 7:0 1016 cm2
Conduction-band tails
Ec0 31 30 meV
Nc0=Nc 30 25 eV
1
r0e 3:0 1016 0:7 1016 cm2
rh 30 1016 7:0 1016 cm2
Dangling bonds
U 0.2 0.2 eV
Ndb 7:5 1015 1:6 1016 cm3
r0h 3:0 1016 1:0 1016 cm2
r0e 3:0 1016 1:0 1016 cm2
rh 30 1016 10 1016 cm2
rþe 30 1016 10 1016 cm2
Electronic contact
Res 0.4 0.4 X cm
2
FIG. 3. Dependence of series resistance (Rs) of a lc-Si:H pin-type solar cell
on built-in voltage Vbi ¼ 0:75; 0:85; 0:95; 1:05V as derived from Eq. (15)
(black solid lines) and derived from numerical simulations (red open circles).
FIG. 4. Comparison between the results of numerical simulations (red open
circles) and the analytical approximation from Eq. (15) (black solid lines)
for a lc-Si:H pin-type solar cell. In every subfigure, one parameter is varied:
(a) mobility gap energy El ¼ 1:15; 1:18; 1:22; 1:25 eV, (b) external series re-
sistance Res ¼ 0:1; 0:4; 1:4; 5:0X cm2, (c) effective densities of states NT0 ¼
1 1018; 5 1018; 2 1019; 1 1020 cm3, and (d) charge carrier mobilities
for electrons le ¼ 10; 23; 37; 50 cm2 V1 s1 and holes lh ¼ 1=3 le. As base-
line parameters serve the following values: El ¼ 1:18 eV, Res ¼ 0:4X cm2,
NT0 ¼ 2 1019 cm3, and le ¼ 37 cm2 V1 s1.
FIG. 5. Comparison between the results of numerical simulations (red open
circles) and the analytical approximation from Eq. (15) (black solid lines)
for a-Si:H pin-type solar cell. In every subfigure, one parameter was varied:
(a) mobility gap energy El ¼ 1:65; 1:70; 1:75; 1:80 eV, (b) external series re-
sistance Res ¼ 0:1; 0:4; 1:4; 5:0X cm2, (c) effective densities of states NT0 ¼ 1
 1019; 5 1019; 2 1020; 1 1021 cm3, and (d) charge carrier mobilities
for electrons le ¼ 1; 6; 10; 15 cm2 V1 s1 and holes lh ¼ 1=3le. As base-
line parameters serve the following values: El ¼ 1:75 eV, Res ¼ 0:4X cm2,
NT0 ¼ 2 1020 cm3, and le ¼ 10 cm2 V1 s1.
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of parameter values relevant for lc-Si:H and a-Si:H solar
cells.
B. Experiment
For the experimental work, we use a lc-Si:H pin-type solar
cell, deposited with plasma-enhanced chemical vapour deposi-
tion (PECVD) from silane and hydrogen at 185 C.33–35 The de-
vice consists of a highly conductive zinc oxide front contact, a
p-doped and an intrinsic lc-Si:H absorber layer, and an a-Si:H
n-doped layer. The back contact consists of a Ag/Al layer stack.
In order to avoid current spreading (see Ref. 31), we etch back
the silicon layer stack around the contacts. The aluminium pro-
tects the underlying silver from the reactive ion etching process.
Under AM1.5G conditions the solar cell yields an open
circuit voltage Voc ¼ 507mV and a short circuit current den-
sity Jsc ¼ 16:9mAcm2. The fill factor, which is very sensi-
tive to the series resistance, is FF¼ 72%. These photovoltaic
parameters yield a cell efficiency g ¼ 7:2%.
The Fig. 6 shows experimental JV characteristics, where
the temperature T¼ 320, 330, and 340K is varied. The
Jsc=Voc pairs at highest Voc show a slight shift to lower volt-
age, which is probably caused by temperature increasing
under high illumination (up to hundred suns).
The Fig. 7 shows Rs and a fit with Eq. (15) to determine
Res ¼ 0:55X cm2, El ¼ 1:20 eV, NT0 ¼ 4 1019 cm3, and
le ¼ 36 cm2 V1 s1 and lh ¼ 12 cm2 V1 s1 for a corre-
sponding reference temperature T0 ¼ 300K. These parame-
ters are in good agreement with previous results.15,31 Note,
however, that this is not a unique fit. From fitting Eq. (15) to
measurements, we can unambiguously determine the exter-
nal series resistance (Res). The value for the mobility gap we
used, follows from the temperature dependent dark current
density measurements and is therefore also well deter-
mined.15 This way we determine the parallel minimum me-
tallic conductivity to be qNT0 ð1=lh þ 1=leÞ1  58 S cm1.
V. CONCLUSIONS
The present paper derives an analytical model for the
total series resistance (Rs) of low-mobility pin-type solar
cells as obtained by the Jsc=Voc method. Our model allows
us to separate the voltage dependent internal resistance of
the intrinsic layer from the residual, external resistance. We
verified our model over a wide range of parameters relevant
to thin-film silicon devices by comparison to numerical sim-
ulations. Fitting experimental data obtained from a lc-Si:H
pin-type solar cell to our model, unveiled an external series
resistance of Res ¼ 0:55X cm2 and the parallel minimum me-
tallic conductivity of the intrinsic layer of 58 S cm1, a value
that is consistent with a more detailed analysis of similar
devices.15
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